Abstract-A novel approach using multiple-adaptive fuzzy systems in a fuzzy PDC (Parallel Distributed Compensation) based structure for integrated lateral and longitudinal control of highway vehicles for improved transient response, is presented in this paper. For comparison studies a single-adaptive fuzzy controller synthesis is also presented. These fuzzy setups are used separately for robust compensation for un-modeled dynamics, nonlinearity issues, external disturbances and uncertainties. A simulation study with veDYNA®, an industry-standard simulation package is used for validating the developed control models in the presence of robust conditions and non-catastrophic failure cases of vehicle subsystem components.
I. INTRODUCTION
NTELLIGENT vehicle controllers improve safety of passengers by way of precision operation and maneuvering of automated vehicular systems -an answer to the problem that most significant proportion of highway fatalities are due to human error [1] . Complex nonlinear systems such as highway vehicles with strong transient effects and with abrupt changes in parameters can be appropriately controlled with specialized multiple-controllers. Each controller of the system is made more active in a prescribed region of the state-space thus addressing the concerns of nonlinearities, external disturbances and structural constraints [2] .
Many past studies on vehicular controllers have focused separately on lateral (steering), [3] , or longitudinal (speed) control [4] as if they were independent of each other. It is a known fact that the lateral and longitudinal dynamical parameters are not decoupled particularly at higher speeds, higher accelerations etc. [5] .
Since an integrated controller has the ability to account for coupling effects, many studies attempted to merge the two control tasks into an integrated control problem to address the issues of coupling effects due to interacting lateral and longitudinal dynamics [6] - [8] .
The vehicle control is a complicated problem due to a number of uncertainties and variations of dynamics associated with the system. The tire/road interface dynamics and the dynamical changes due to road friction are less understood and are varying throughout [9] . The changes due to nonlinearity effects are not so obvious, and therefore are unpredictable [10] . The adaptive fuzzy controller has been used to address these complications successfully, since it even has the facility to be configured to include different levels of information in terms of its rule base as knowledge [11] - [13] .
Usage of fuzzy partitions with piecewise smooth quadratic Lyapunov functions for establishing stability of PDC structure has been a popular approach [14] . An important observation is that almost all fuzzy PDC studies in the past were carried out using linear local models with linear controllers [15] .
Multiple-model/multiple-controller systems decrease the transient effects of a system effectively. Though, there have been many research work undergone in the area of multiplemodel/multiple-controller studies, the usage in the area of automotive control is very limited [16] , [17] . One drawback of these approaches is that there has been no guarantee that the control system can maintain stability when disturbances of varying degree affect it. Another drawback is only simpler vehicle models have been used to validate the controller.
In this study, multiple-adaptive fuzzy controllers are used in a fuzzy PDC setup to address different and local scenarios in multiple-environments of the control problem in the domain of the state-space. The adaptive fuzzy controllers are blended in the fuzzy PDC function in order to get a unique output establishing an overall asymptotically stabilized system. The novelty in this fuzzy PDC setup is that adaptive fuzzy controllers have been used as local controllers which are blended in the fuzzy system to obtain the global controller. The multiple-adaptive fuzzy PDC system is designed for modeling the 'uncertainty' of the system and is working together with the proportional-derivative (PD) module. The PD module is for rough tuning while the fuzzy PDC system is for robust fine tuning.
The rest of the paper is organized as follows. Section II explains on the basic vehicle model for the development of the controllers, and some system preliminaries. The elaboration of the design of single-adaptive fuzzy controller and the fuzzy PDC multiple-adaptive fuzzy controller are provided in Section III. Section IV describes simulation tests carried out in veDYNA®. Concluding remarks and future directions resulting from this study are provided in Section V.
II. SYSTEM PRELIMINARIES

A. Vehicle Model and Error Definitions
The dynamic equations of the simplified vehicle model as appeared in [18] can be written in x, y and yaw directions as ( ) 
and in vector form as ( ) ( ) 
III. FUZZY CONTROLLER SYNTHESIS
A. Structure of the Single-Adaptive Fuzzy Scheme
The set of Takagi-Sugeno (T-S) fuzzy IF-THEN rules for the adaptive fuzzy system can be expressed as 
where N is the total number of fuzzy rules. The T-S fuzzy logic output with product inference, singleton fuzzifier and center-average defuzzifier [15] can be expressed as
the membership function value inferred from the set j A . In this subsection, x denotes the generic input element for the fuzzy system. The jth element of the parameter vector can be provided as
is the jth element for 1, ,
. Thereby jth regression factor (for
( ) . 
The adaptive fuzzy output membership function parameters are tuned online using an algorithm based on an adaptive law. In concise form, the adaptive fuzzy output for the singleadaptive fuzzy system ν ∈ R can be stated as ˆT
B. Control Laws and Error Dynamics for Single-Adaptive Fuzzy Scheme
The certainty equivalence control laws can be obtained for longitudinal control as
x k e k e u h q . n is the number of fuzzy IF-THEN rules. Thereby the T-S fuzzy logic output with product inference, singleton fuzzifier and centre-average defuzzifier can be expressed as ( ) ( ) ( )
Let the normalized regression factor for each rule be ( ) ( )
Then output of the fuzzy PDC system becomes
Thereby the PDC system output as provided in (19) becomes
D. Control Laws and Error Dynamics for Fuzzy PDCMultiple-Adaptive Fuzzy Scheme
The control inputs for the jth model are (using certainty equivalence control law) for longitudinal case 1ˆ( )
and for lateral case For the jth adaptive fuzzy controller ( 1, , j n = ), the regression vector can be expressed as [ ]
and j γ is the jth adaptive gain. Substitution of equation (25) in (1) By using the universal approximation theorem with the fuzzy adaptation process the fuzzy controller parameters can be gradually brought to the optimal values and thereby the right half of the equations, (28) and (29) can be made zero.
The implementation design of the fuzzy PDC multipleadaptive fuzzy system was carried out using sector nonlinearity method [19] 
E. Robust Stability for Single-Adaptive Fuzzy Scheme
F. Robust Stability for Fuzzy PDC Multiple-Adaptive Fuzzy Scheme
The Lyapunov function can be established (with . This proof is true for both lateral and longitudinal cases. By using Barbalat's lemma, we can establish asymptotic stability of e (i.e., lim 0 t e →∞ = ) for both cases.
IV. SIMULATIONS
The following simulations were done on veDYNA® vehicle simulation software with a BMW 325i 1988 model. The simulation setup consists of front wheel-steered, front wheeldriven, automatic transmission settings. The sample time used in the simulation was 0.0005 [s] . The viability of the controller was also tested under extreme disturbances and some noncatastrophic failure cases of subsystems. These included a flattire case (front-left tire becoming flat at 10[s]), and a defective front-left wheel brake cylinder (with a 90% pressure drop in the supply line).
The adaptive gains in the single-fuzzy controller were 0.03 
D. Failure Modes
Some non-catastrophic failure cases were considered in the following simulations. (i) Flat-Tire Case
In the following simulation, the front-left tire becoming flat was considered. (ii) Brake Cylinder Defect Case
The front-left brake cylinder being defective was considered in the following simulations. Overall in the results, the fuzzy PDC multiple-adaptive fuzzy controller has shown competitive improvements with regard to lateral tracking in comparison to the performance of the single-adaptive fuzzy control. The result with brake cylinder case is more significant in this regard. Considering longitudinal tracking, the multiple-adaptive fuzzy controller shows a comparatively better performance as well.
V. CONCLUSION
This paper reported a novel design of a fuzzy PDC based multiple-adaptive fuzzy controller for integrated lateral and longitudinal control of highway vehicles.
The simulation results suggest that the designed PDC controller handles the transient errors effectively. It has also been proved that the controller can effectively perform even under rigorous conditions with parametric changes and disturbances.
As a future study, attempts will be taken to develop a new robust controller having a multiple-model structure which will allow for more dedicated application for specific scenarios of varying control demands.
